The metabolic machinery from which microbial aerobic respiration evolved is tightly linked to 42 the origins of oxygenic Cyanobacteria (Oxyphotobacteria). Even though the majority of 43 Oxyphotobacteria are photoautotrophs and can use carbohydrates with oxygen (O 2 ) as the 44 electron acceptor, all are fermenters under dark anoxic conditions. Studies suggest that the Soo et al., 2014; Soo et al., 2017) . It has been suggested that the machinery for aerobic 86 respiration was acquired independently by Sericytochromatia (Soo et al., 2017), and like 87 Oxyphotobacteria, some members of the Sericytochromatia and Melainabacteria have ETCs. The 88 most simple ETC is composed of (i) an electron entry point, usually a dehydrogenase that 89 oxidizes reduced electron carriers (e.g., nicotinamide adenine nucleotide -NADH and 90 succinate), (ii) membrane electron carriers (e.g., quinones), and (iii) an electron exit point such a 91 heme-copper oxygen reductase or a cytochrome bd oxidase. However, if there are periplasmic 92 electron donors, an intermediary quinol:electron acceptor oxidoreductase complex may also be 93 involved (Refojo et al., 2012). Both the electron entry and exit protein complexes often act as H + 94 pumps, contributing to the creation of a proton motive force (PMF; or electrochemical potential) 95 that can be used for energy generation via the ATP synthase. 96 Oxyphotobacteria use light as the source of energy to establish an electrochemical H + 97 potential during photosynthetic electron transport and also conserve energy from reducing a high 98 potential terminal electron acceptor (O 2 ) during aerobic respiration. Aerobic Sericytochromatia 99 may use chemical energy rather than light to generate an electrochemical potential gradient (Soo 100 et al., 2017). During evolution, these high electrode potential respiratory chains may have 101 replaced fermentation-linked complexes responsible for ion translocation across membranes in 102 more ancient organisms. Sequential translocation of ions across membranes is required in 103 fermentation-based metabolisms as the energy yield per translocation is low (Boyd et al., 2014). 104 Analysis of new bacterial genomes from sibling groups to the Oxyphotobacteria may provide 105 information about their ancestral energy metabolism and thus constrain the metabolic platform 106 into which complex ETCs evolved. 107
In our phylogenetic analysis, Margulisbacteria and Saganbacteria represent two major 153 lineages that are sibling to Sericytochromatia, Melainabacteria and Oxyphotobacteria (Fig. 1a,   154 1b). Together, Margulisbacteria and Saganbacteria are positioned basal to the Oxyphotobacteria. 155 Importantly, the affiliation of these groups with the Oxyphotobacteria is consistent for 156 phylogenetic trees based on 56 universal single copy proteins (Yu et al., 2017) and 16 ribosomal Metabolic analyses based on a representative genome of the sediment-associated 178 Riflemargulisbacteria, Margulisbacteria RA1A (96% completeness, Supplementary Table 1) , 179 suggest that members of Riflemargulisbacteria are heterotrophic organisms with a fermentation-180 based metabolism (Fig. 2) . They use hydrogenases and other electron bifurcating complexes to 181 balance their reducing equivalents (NADH and ferredoxin), and rely on membrane-bound protein 182 complexes to generate a proton/sodim (H + /Na + ) potential and to make ATP (Fig. 3a) . 183 Phylogenetic analyses of the hydrogenase genes suggested that they were horizontally 184 transferred ( Figs. 4a and 4b) , and that NiFe hydrogenase from groups 3 and 4, considered to be 185 ancestral (Boyd et al., 2014) , are encoded in the genome. The great variety of hydrogenases in 186 Riflemargulisbacteria may also reflect adaptation to conditions in anaerobic aquifer 187 environments and allow these bacteria to fine-tune their metabolisms as conditions shift. 188 We predict that Margulisbacteria RA1A is an obligate anaerobe, as multiple enzymes that 189 participate in central metabolism use ferredoxin as the preferred electron donor/acceptor (Fig. 2) . 190 Furthermore, Margulisbacteria RA1A lacks most components of the tricarboxylic acid (TCA) 191 cycle and an ETC (Supplementary Table 2 ). Carbon dioxide (CO 2 ) fixation pathways were not 192 identified in genomes of this lineage ( Supplementary Table 2 ). For further details about the 193 central metabolism of Riflemargulisbacteria see Supplementary Information (Supplementary 194 Text). 195 Hydrogen metabolism appears essential for the sediment-associated 196 Riflemargulisbacteria. In the absence of a well-defined respiratory electron transport chain, 197 reduced ferredoxin can be re-oxidized by reducing H + to H 2 . Hydrogenases, the key enzymes in 198 hydrogen metabolism, can be reversible and use H 2 as a source of reducing power, instead of H + 199 as oxidants to dispose of excess reducing equivalents. The assignments of hydrogenase types in 200 this organism were based on phylogenetic analysis of the hydrogenase catalytic subunits (Figs. 201 4a and 4b) and analysis of the subunit composition. 202 We identified three types of cytoplasmic NiFe hydrogenases (groups 3b, 3c, and 3d) and 203 one type of cytoplasmic FeFe hydrogenase, in addition to two types of membrane-bound NiFe 204 hydrogenases (groups 4e and 4f) ( Fig. 2a) . Group 4 hydrogenases in particular are among the 205 most primitive respiratory complexes (Boyd et al., 2014) . Membrane-bound group 4 NiFe 206 hydrogenases share a common ancestor with NADH dehydrogenase, a protein complex that 207 couples NADH oxidation with H + or ion translocation (Marreiros et al., 2013) . This complex is a 208 key component of respiratory and photosynthetic electron transport chains in other organisms 209 (Friedrich and Weiss, 1997; Friedrich and Scheide, 2000) . Given the importance of membrane-210 bound protein complexes in the generation of a membrane potential in prokaryotic cells, we 211 focused our attention on the membrane-bound hydrogenases found in Riflemargulisbacteria. For 212 a detailed description of cytoplasmic hydrogenases (see Supplementary Text) . 213 The Riflemargulisbacteria are predicted to have two types of membrane-bound H 2 -214 evolving, ion-translocating group 4 NiFe hydrogenases. One is a group 4e membrane-bound 215 NiFe hydrogenase (Fig. 4a) , also called energy-conveting hydrogenases (Ech). These enzymes 216 usually couple the oxidation of reduced ferredoxin to H 2 evolution under anaerobic conditions 217 (Greening et al., 2016) , can be reversible (Meuer et al., 2002) , and are typically found in 218 methanogens where they function as primary proton pumps (Welte et al., 2010) . Genes for two 219 other complexes are found in close proximity to the Ech-type hydrogenase, a V-type ATPase and 220 a Rhodobacter nitrogen fixation (Rnf) electron transport complex ( Fig. 2a) . These protein 221 complexes may contribute to the generation of a proton motive force in Margulisbacteria RA1A. 222 This is remarkable because both the Ech hydrogenase and the Rnf complex are capable of 223 generating a transmembrane potential, and only a small number of bacteria have been observed 224 to have both (Hackmann and Firkins, 2015 hydrogenases. This organism relies on aerobic respiration for generation of a H + potential, and 262 instead of pyruvate fermentation to short-chain fatty acids or alcohols, it may use acetate as a 263 source of acetyl-CoA ( Supplementary Table 2a ). Phylogenetic analysis of the heme-copper 264 oxygen reductase (complex IV) indicated that the potential for high-energy metabolism was an 265 independently acquired trait (via HGT) in this organism ( Fig. 6, Supplementary Fig. 6 ).
266
Like the sediment-associated Margulisbacteria, the oceanic Marinamargulisbacteria lack 267 CO 2 fixation pathways. Thus, we anticipate that they adopt a heterotrophic lifestyle. The genome 268 encodes all enzymes in the TCA cycle (including alpha-ketoglutarate dehydrogenase). NADH 269 produced via glycolysis and the TCA cycle must be reoxidized. Unlike Riflemargulisbacteria 270 that have membrane-bound NiFe hydrogenases, in Marinamargulisbacteria AA1A we identified 271 genes encoding a six subunit Na + -translocating NADH:ubiquinone oxidoreductase (Nqr; EC 272 1.6.5.8; nqrABCDEF; Supplementary Table 2a ). An electron transport chain in 273 Marinamargulisbacteria AA1A ( Fig. 2b) could involve electron transfer from NADH to the Nqr, 274 from the Nqr to a menaquinone, then to a quinol:electron acceptor oxidoreductase (alternative 275 Complex III; Fig. 5) , and finally to a terminal oxidase ( Fig. 6) . 276 Phylogenetic analysis of the gene encoding the catalytic subunit (CoxA) of the terminal 277 oxidase confirms that it is a type A heme-copper oxygen reductase (CoxABCD, EC 1.9.3.1; Supplementary Table 4 ). Interestingly, we did not 285 identify any hydrogenases in the oceanic Marinamargulisbacteria, probably due to their different 286 habitat. 
288

Hydrogen metabolism and electron transport chain configurations in Saganbacteria
298
The studied genomes of Saganbacteria encode distinct types of hydrogenases. In the 299 category of cytoplasmic complexes, we only identified one type, the group 3b NiFe 300 sulfhydrogenases, and these occurred in multiple representative genomes ( Fig. 4a , 301 Supplementary Table 4 ). Many Saganbacteria representative genomes also encode three distinct 302 types of membrane-bound hydrogenases (Fig. 4a ). Genomic regions including fdhA genes also 303 occur in many Saganbacteria with group 4f NiFe hydrogenases ( Supplementary Figs. 3b and c) , 304 an observation that strengthens the deduction that FHL may occur in these clades.
305
Another type of group 4 NiFe hydrogenase found in Saganbacteria RX5A is enigmatic.
306
The most closely related sequences are for hydrogenases found in candidate phyla such as 307 Zixibacteria and Omnitrophica (Fig. 4a) . The genomic region encodes a molybdopterin-308 containing oxidoreductase that could not be classified by phylogeny. Specifically, it could not be 309 identified as a formate dehydrogenase, although the HMMs suggested this to be the case. Also Fig. 4a , Supplementary Fig. 3f ).
319
In terms of their electron transport chain, Saganbacteria HO1A and LO2A possess genes 320 encoding a partial complex I that lacks the NADH binding subunits (NuoEFG) and could use 321 ferredoxin as the electron donor instead ( Supplementary Table 4 ). They also encode a succinate 322 dehydrogenase (SDH) complex that is composed of four subunits and presumably fully 323 functional as a complex II ( Supplementary Table 2a ). Genes encoding a putative quinol:electron 324 acceptor oxidoreductase complex, which has been previously seen in candidate phyla Supplementary Table 2a ). Remarkably, these genomes also encode for subunits of a quinol 329 oxidase heme-copper oxygen reductase that seems to be a novel type, and that is closely related Table   339 3). (Fig. 4b) . These new genomes also encode membrane-bound hydrogenases that could be 356 involved in H 2 production ( Fig. 7) . For more detail about cytoplasmic hydrogenases, see Melainabacteria genomes (Fig. 4a) . The sequences in three of the five representative genomes 360 cluster with sequences from Lentisphaerae, Spirochaetes and Acinetobacter sp., but 361 Melainabacteria BJ4A branches on its own ( Fig. 4a) . Melainabacteria HO7A has an entirely 362 different kind of group 4f hydrogenase that is closely related to those of a Gracilibacteria sp. and 363 other anaerobic organisms. In addition to membrane-bound group 4f NiFe hydrogenases, 364 Melainabacteria RX6A and BJ4A have an fdhA gene, and RX6A has genes encoding NuoE-and 365 NuoF-like subunits just downstream of the fdhA gene. Interestingly, FdhA clusters with proteins 366 found in the Cyanobacteria Nostoc piscinale and Scytonema hofmannii (Fig. 6) . 367 Melainabacteria in this study (except for AS1A and AS1B) have a partial complex I, 368 similar to the one in Saganbacteria ( Fig. 7 , Supplementary Table 4 ). Melainabacteria, 369 represented by genomes LO5B, HO7A and BJ4A, encode a partial SDH (complex II). Supplementary Table 2a ).
341
Hydrogen metabolism and electron transport chain configurations in Melainabacteria
379
Other forms of respiration were predicted in some Melainabacteria in this study. For 380 instance, Melainabacteria LO5A encodes a cytoplasmic nitrite/nitrate oxidoreductase ( Fig. 5) . 381 Nitrite/nitrate oxidoreductases (NXR) participate in the second step of nitrification, the 382 conversion of nitrite to nitrate and can also be reversible (Lücker et al., 2010) . These genes are 383 followed by another gene encoding cytochrome b 6 (petB) and a nitrate/nitrite transporter (narK; 384 K02575). 387 388 Some Margulisbacteria RA1A, Saganbacteria and Melainabacteria have complexes 389 predicted to be involved in electron bifurcation. Electron bifurcation is the most recently 390 described mechanism for energy conservation (the alternative mechanisms are substrate-level 391 phosphorylation and electron transport phosphorylation) (Buckel and Thauer, 2013) . For Contemporary non-photosynthetic relatives of the Oxyphotobacteria share several 415 interesting genomic features that frame photosynthesis in the context of metabolisms that likely 416 existed prior to its evolution. These include numerous hydrogenases, widespread lack of an 417 oxidative phosphorylation pathway, and lack of carbon dioxide fixation pathways. Against this 418 background, photosynthesis represents a dramatic net-energy gain and access to a different life 419 strategy -one that does not rely on limited organic carbon as a source of electrons or complexes 420 that provide only low-energy yields linked to ion translocation. 421 We set out to study the metabolic potential of the phylogenetic relatives of hydrogenases constitute the main mechanism by which these bacteria oxidize reducing 444 equivalents that result from core metabolic pathways, and produce H 2 . The main function of the 445 Ech hydrogenase and the Rnf complex is to couple ferredoxin oxidation with ion-translocation; 446 and a V-type ATPase could be involved in ATP synthesis from the ion potential generated from 447 both these complexes. Anaerobic Saganbacteria that also possess an Rnf complex and a V-type 448 ATPase may be able to use this mechanism for energy conservation as well. Furthermore, two interact with an unknown substrate that allows for an electron bifurcation mechanism.
386
Additional complexes possibly involved in electron bifurcation
468
Riflemargulisbacteria, Saganbacteria, and Melainabacteria all have putative group 4f 469 membrane-bound NiFe hydrogenases that lack the known catalytic residues, possibly due to the 470 divergence between these sequences and hydrogenases that have been studied experimentally.
471
Experimental testing is needed to determine whether these hydrogeases are part of FHL Overall, we identified potentially six electron bifurcation complexes in Riflemargulisbacteria.
487
These are common in fermentative organisms, but the number and variety found in 488 Riflemargulisbacteria is notable. These complexes probably serve as the primary mechanism to 489 balance of redox carriers in these organisms.
491
Aerobic and anaerobic electron transport chains, the gain of high-energy metabolism 492 493 From the perspective of metabolic evolution, it is interesting to consider the origin of 494 high electrode potential electron transport chains and their components. In this study, we were 495 particularly interested in the electron entry (complex I) and exit points (terminal oxidases).
496
Within the Saganbacteria and Melainabacteria, Saganbacteria HO1A and LO2A and 497 Melainabacteria LO5B, HO7A and BJ4A are the only organisms that posses some sort of an 498 electron transport chain. Given the prediction that the common ancestor of all groups was a 499 fermentative anaerobe, we suspect that the ETC and ability to use O 2 was a later acquired trait. in the cytoplasmic membrane (in addition to a cytochrome bo oxidase) (Vermaas, 2001) .
541
Sericytochromatia also have two types of heme-copper oxygen reductases, type A and type C, 542 that also differ in their affinity for O 2 (low and high affinity, respectively). There is considerable interest in the metabolism of lineages sibling to the Cyanobacteria.
544
Absence of genes involved in carbon fixation and photosynthesis in linages sibling to
559
Genomes from these lineages may provide clues to the origins of complexes that could have Genomes in this study were recovered from several sources ( Supplementary Table 1 ).
571
Margulisbacteria GW1B-GW1D, Saganbacteria HO1A, HO1B, LO2A, LO2B, HO2C, RX3A- Terrabacteria. For the detailed species tree (Fig. 1b) , pairwise genomic average nucleotide 734 identity (gANI) was calculated using fastANI (Jain et al., 2017) . Only genome pairs with an 735 alignment fraction of greater than 70% and ANI of at least 98.5% were taken into account for 736 clustering with mcl (Enright et al., 2002) . Representatives of 98.5% similarity ANI clusters were 737 used for tree building based on two different sets of phylogenetic markers; a set of 56 universal Supplementary Table 1 . 
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952
Two types of bacterial nitric oxide reductase (NOR) have been identified in Sericytochromatia.
953
One is a cytochrome bc-type complex (cNOR) that receives electrons from soluble redox protein 
